J. Membrane Biol. 164, 253-262 (1998) The Journal of

Membrane
Biology

© Springer-Verlag New York Inc. 1998

Voltage-independent Adaptation of Mechanosensitive Channels igscherichia coli
Protoplasts

P. Koprowski, A. Kubalski
Department of Cell Biology, Nencki Institute of Experimental Biology, 3 Pasteur Street, 02-093 Warsaw, Poland

Received: 29 January 1998/Revised: 16 April 1998

Abstract. Mechanosensitive (MS) ion channels, with envelope ofEscherichia coli,like other Gram-negative
560 pS conductance, opened transiently by rapid applibacteria contains two membranes: the outer and the in-
cation of suction pulses to patches®f coli protoplast ner, cytoplasmic membrane. Patch clamp studies on
membrane. The adaptation phase of the response wagantE. coli spheroplasts (two membrane objects) have
voltage-independent. Application of strong suctionrevealed two types of MS channels of 1 nS and 3 nS
pulses, which were sufficient to cause saturation of theconductance denoted MscS (MS channel “small”) and
MS current, did not abolish the adaptation. Multiple- MscL (MS channel “large”), respectively (Martinac et
pulse experimental protocols revealed that once MS|., 1987; Sukharev et al., 1993). MscL was the first MS
channels had fully adapted, they could be reactivated byhannel ever cloned and sequenced (Sukharev et al.
a second suction pulse of similar amplitude, providing1994; Sukharev et al., 1997). MS channels have been
the time between pulses was long enough and suctiogiso found inE. coli giant protoplasts (one-membrane
had been released between pulses. Limited proteolysi(gbjectsy containing cytoplasmic membrane only) (Ku-
(0.2 mg/ml pronase applied to the cytoplasmic side of theya|ski et al., 1992; Cui, Smith & Adler, 1995; Berrier et
membrane patch) reduced the number of open channelg ' 1996) and in liposomes reconstituted from the inner

without affecting the adaptation. Exposing patches tGnembrane fraction (Delcour et al., 1989; Berrier et al.,
higher levels of pronase (1 mg/ml) removed responsive- ggg

ness of the channel to suction and abolished adaptation Décline in activity of mechanoreceptors in response
consistent with disruption of the tension transmission;; < stained mechanical stimulation (adaptation) has

mechanism responsible for activating the MS channelyeqn qemonstrated on several preparations. Voltage-
Based on _these d_ata we discuss a mec_hamsm for meCh&épendent adaptation of mechanoelectrical transduction
nosensitivity mediated by a cytoplasmic domain of the

MS channel molecule or associated protein has been shown in hair cells (for revieseeHudspeth &

: Gillespie, 1994). Yeast (Gustin et al., 1988; Zhou &
Kung, 1992), Xenopusoocytes (Hamill & McBride,
Key words: Mechanosensation — lon channel — 1992) and C6 glioma cells (Bowman & Lohr, 1996) dis-
Adaptation —Escherichia coli— Proteolysis played voltage-dependent adaptation at the level of
single MS channel activities. The MS channel adapta-
tion, in all these cases, was fragile and moderate suctions
resulted in its irreversible removal. The irreversible loss

h " . h | b of adaptation can be attributed to the loss or disruption of
Mechanosensitive (MS) ion channels are membrane progy o njasmic regulatory domains of the MS channel mol-

teins that respond to membrane stretch and may act ule or/and a regulatory neighboring protein. It is also

physiological mechanotransducers. MS channels haVﬁossible that some cytoskeletal restraining elements were

been _found in a variety Qf cell types including Gra_m- lost (Hamill & McBride, 1997). At low suctions, how-
Rggati\gzg,ag[ZL'zn(folrgrgg_'egjfﬁasr:sh:t’ ;?Qi,ggﬂ%rtl}h éaver, the adapted MS channels could be reactivated by
' ' k ' " ' application of higher suction steps indicating that adap-
tation represents a change in sensitivity of gating instead
of channel inactivation (Hamill & McBride, 1992; 1994).

Correspondence toA. Kubalski Adaptation ofE. coli MS channels has not been inves-
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tigated in detail. MscL, recorded from spheroplasts, didmanometer PMO15D (1.5 psi) (WPI, Sarasota, FL). 60-sec intervals
not show obvious adaptation (Sukharev et al. 1997) andr longer were maintained between applications of suction pulses that
closure of the MscS during sustained suction was demWere not shorter than 20 sec. The recordings were filtered at 1 kHz

. . . with a 4-pole Bessel filter (Frequency Devices, Haverhill, MA), ac-
onstrated upon high pipette voltage (+90 and +140 mV Inquired and stored on a computer running the Digidata 1200A/Axoscope

patches excised from spheroplast and from liposome rer o acquisition system and analyzed with pCLAMP6 software (Axon
spectively) (Sukharev et al., 1993). In this study we in-instruments, Foster City, CA).
vestigate the phenomenon of adaptation of the 560-pS  The mean open probability, during the pressure pulse, was
MS channel fromE. coli protoplasts. This MS channel calculated by integrating the current passing through all active channels
may represent MscS with an altered kinetics. The Mscs_c’iuring the recording timd) (not shqrter than 30 sec) and in?ding this
recorded from spheroplasts in different ionic conditions,€9al by the current through a single open channehiultiplied by

. . . . the number of active channeldl) according to the formulaP, =
d'SplaVEd no adaptatlon (Marjunac etal., 1987 Mart'_naC'I/N i. The total open probabilityNP,, was calculated as\P, = I/i.
Adler & Kung, 1990; Kubalski et al., 1993). Adaptation Thep, data were plotted against applied suction and fitted with Bolt-
of the 560-pS MS channel was studied here in relation t@mann curves as described previously (Martinac et al., 1987). The
the amount and duration of the applied suction, and poBoltzmann distribution was given by:
larity of the membrane potential. We were also inter-
ested if proteolytic treatment of the cytoplasmic side ofPo=1eXH(P~Pv2)/SI/{1+ exf(p ~ pr2)/ Sl
the membrane patch would affect the adaptation andten- = _ . . . ,
sion transmission mechanism of the MS channels. in wh|chp|§ the sgcuonpmsthe suction at which the channel is open

" half of the time S, is the slope of the plot dh[P /(1 - P,)] vs.suction.
We are aware that the term “MS channel adapta- Data points were plotted and fitted to single exponential functions
tion” used throughout the paper simplifies to a large using Origin 4.0 (Microcd™ Software).
extent the possible mechanism that is responsible for a
decline of MS channels activities. Adaptation may not
be a property of the MS channel molecule itself and mayCHEMICALS
reflect changes in associated proteins and/or cytoskele- _ _
ton. Moreover, the MS channel protein may act as a_cPaiexin, lysozyme, DNA-ase and pronase (fiSieptomyces gri-
L seu$ were purchased from Sigma Chemical (St. Louis, MO). All other

repfmer Of.ten§'on in _the m?mbrane patch that may rella%hemicals were of reagent grade. Pronase was dissolved and stored &
during maintained stimulation. The latter possibility iS 20 mg/mi at -20°C. The final dilution to 0.2 or 1 mg/ml was made just

discussed. before the experiment.

Materials and Methods Results

The results presented in this study were obtained on ex-
cised inside-out membrane patches fr&ncoli proto-

All experiments were performed on a strain Frag126, a derivatiie of plasts. Application of suction (negative pressure) to the
coli K12. Fragl126 (F, lacz, thi, rha, kd@ABC5, keB::Tn10) was  recording patch pipette resulted in activation of three
kindly provided by Wolfgang Epstein. types of MS ion channels, which differed in size and in
threshold pressure required for their activation. Their
single-channel conductances were 1347 (h = 4),

564 + 19 pS it = 5) and 1067 = 19 pSn( = 4) in
Giant spheroplasts d. coli were prepared as described previously Symmetric 150 m KCI. Activities of 150-pS and 560-
(Martinac et al., 1987). Protoplasts used in patch-clamp experimentS MS ion channels could be usually seen at suctions
(Hamill et al., 1981) were generated by removing the outer membrandelow 200-mm Hg. The 1070-pS MS channel (repre-
from the spheroplasts (Kubalski, 1995; Cui et al., 1995). All experi- senting MscL) required higher (>200-mm Hg) suctions
ments were performed at room temperature using EPC7 patch-clamgy e activated. The 560-pS and 1070-pS channels were

lifier (List Electronics, D tadt, G . After giga-seal for-
amplifier (List Electronics, Darmstadt, Germany). After giga-seal for seen most frequently and usually both of them could be
mation, single-channel activities were recorded from inside-out excise

patches obtained by brief air exposure of the tip of the patch pipeti®t€cted in the same membrane patch. Typical sequenc:
(borosilicate glass, WPI, Sarasota, FL). All pipettes of controlled Of €vents when suction was applied to the membrane
shape and diameter had a bubble number of 3.2 in 100% ethangdatch containing these two types of MS channels is
corresponding to resistances in recording solution of 901 Bath shown in Fig. A. At lower suctions (130- and 168-mm
solution was (in mu): 150 KCI, 400 sorbitol, 4 CaGJ 5 Tris-HCI, pH Hg), activities of the 560-pS MS channels were observed
7.2, whereas the pipette solution was the same except that the sorbitﬂ:ig. 1A, two upper traces). At 221-mm Hg, most of the

concentration was 300w Unitary conductances were calculated for 560-nS MS channels remained open during the entire
symmetric K conditions from the slopes of current-voltage relation- P P g

ships obtained in voltage range between —40 and +40 mV. Suction Wa§uction pU|Se and in addition Single ppenings of the
applied pneumatically to the patch pipettes by a 10-ml syringe, togethed 070-pS MS channel were seen (Fig\, third trace from
with two in-line, three-way valves and was monitored by a pressurethe top). The two types of MS channels were kinetically

BACTERIAL STRAINS
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Fig. 1. Properties of 560-pS and 1070-pS MS channels feormoli protoplasts. All traces were recorded and data points were obtained at —15 mV.
(A) All traces were recorded from the same protoplast patch. Adaptation of the 560-pS MS channel was seen at suctions (negative pressure:
and 168-mm Hg (two upper traces). At 221-mm Hg there was a saturation of the 560-pS MS channel current, single openings represent |
(1070-pS MS channel). The bottom trace was recorded after several applications of strong suction and the adaptation of the 560-pS MS ch:
remained unchanged. Fitted exponentials had time constafi®, 6.4 and 2.2 sec for 130, 168 and 150-mm Hg, respectiv8)yOpen probability

P, of the 560-pS (squares) and 1070-pS (circles) MS channels plotted against suction. The data were fitted to the Boltzmanrseejeatipn (
(C) Adaptation time constant of the 560-pS MS channefs. suction. Each data set represents a separate experiment.

distinct. At suctions slightly above their activation mann equationSeeMaterials and Methods) represents
thresholds, mean open time of the 560-pS and the 107Ghe amount of suction that increasBg by e-fold. The

pS MS channels were: 1150 msec (at 130-mm Hg) andverages, of the 560-pS ion channel was 6.3 + 2.5-mm
123 msec (at 270-mm Hg) respectively. The dependencklg (n = 9) and theS, of the 1070-pS channel was 6.5 +
of open probabilityP, for each MS channel type on 2.2 mm-Hg (0 = 3). Thus, the two MS channel types,
suction applied to the recording pipette is shown in Fig.although showed different kinetics and each of them re-
1B. Each data set shows a single, typical experimentquired different threshold suction for activation, had
The experimental points were fitted to theoretical curvessimilar pressure sensitivity in terms of the sl

described by the Boltzmann distribution (shown in Fig. In the experiment presented in FigA the 560-pS

1B for 560-pS MS channel only). Thg, from Boltz-  MS channel showed adaptation and such behavior of this
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channel was observed in 117 other excised patches. The P ﬁ

adaptation of the MS channel could be also recorded

from on-cell protoplast patcheadt show. In 3 to 5%

of the membrane patches tested we encountered MS -30 mv

channels showing no decline in activity and their kinetics —c
resembled kinetics of the. coli mechanosensitive chan-

nel MscS (Martinac et al., 1987; Martinac, Adler &

Kung, 1990; Kubalski et al., 1993). The experimental

traces of the MS channels showing adaptation could be

fitted by single exponentials and the adaptation time con-

stantr of channel activities shown in FigAlwas 2.0 sec
for 130-mm Hg and 6.4 sec for 168-mm Hg. At satura- 15 mV
tion (221-mm Hg in this experiment) adaptation might

have occurred but was not noticeable within the time -¢
range of the suction pulse used (20 sec). The adaptation

was not irreversibly lost after strong, saturating stimuli

(in Fig. 1A, bottom trace was recorded after application

of saturating MS current suction of 221-mm Hg), even if
membrane patches containing MS channels were ex-
posed to strong suctions repetitively. Such phenomenon IS mV
was observed in all experiments (over 20 cases), in
which this protocol was used. The adaptation time con- -
stantt was dependent on suction applied to the mem-
brane patch. Fig.@ shows the relationship of the time
constantr and suction. Each data set represents a sepa-
rate patch.
The 560-pS MS channels showed adaptation at posi-

tive and negative membrane potentials. Figure 2 shows 14 30 mv

the experiment in which a fixed suction step was applied

to the patch at different membrane voltages. The adapg %0

tation time course was slightly higher at higher positive £ 4

and at lower negative voltages. Exponentials fitted to the o -c
4 8 12 16

traces of MS currents recorded at +/-15 mV and +/-30
mV had time constant of 3/3.9 sec and of 2.5/2.9 sec
respectively. Total open probabilityP, (seeMaterials
and Methods) of the MS channels decreased when highetig. 2. Adaptation of the 560-pS MS channel was voltage independent.
depolarized and lower hyperpolarized potentials wereall four traces were recorded from the same protoplast patch. Suction
applied. If theNP, of the MS channels at +15 mV is step was 156-mm Hg.
represented by a value of 1, total open probabilities at
+30, +45 and +60 mV were: 1.00 + 0.34, 0.61 + 0.16 andsuction of the previous pulse was released. We estab-
0.45 £ 0.21 respectively &b, n > 3 in each case). Simi- lished this procedure based on results of the experiments
larly, the total open probabilities of the MS channels atin which we investigated the time course of the MS
negative membrane potentials, normalized toNR at  channels recovery from adaptation upon removal of suc-
-15 mV, were: 0.72 + 0.14, 0.23 £ 0.13 and 0.19 + 0.11tion. In this set of experiments runs of two pulses of
at —30, -45 and -60 mV @b, n > 4 in each case). In identical strength and duration were applied to mem-
this experiment (Fig. 2), at +/-45 mV adaptation of the brane patches every 4 min. The suction of the pulses was
MS currents was also present but the number of openingsuch that most of the MS channels in the patch were
was not sufficient to perform proper exponential fit to activated and the duration of the pulse was sufficiently
these recordings. Similar results were obtained in 12ong to promote full adaptation of the activated MS chan-
membrane patches. We applied suction pulses at diffemels. The time interval between pulses was different in
ent voltages over 30-60 sec and during this time no sigeach run and it was 20, 40, 60 and 120 sec. The open
of recovery to the initial level of MS channel activity was probability NP, of the MS channels responding to the
observed. second pulse was compared to tHE, during the first
Our usual experimental procedure was such that sugulse represented by a value of 1. The normalized open
tion steps of duration 20 sec were applied 60 sec afteprobabilitiesNP, during the second pulse $&) were:

Time (s)
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Fig. 3. MS channel response to four- and double-step suction pulses recorded at —15 mV from two different protoplast Aakatiee.four-step
protocol, steps of suction were applied every 10 sec for 7-8 sec. Runs of four suction steps were applied 60 sec apart. Adaptation was clearl
during the first suction step indicating that, in general, the 10-sec interval between steps was too short for the adapted MS channels to recove
adaptation geetext for details). B) Three sets of double suction steps were applied 60 sec apart. Inserts (approx. 1-sec long) show the activa
slope of the second step. Arrows indicate the highest open level of the 560-pS MS channels during the second step. In the double-step proto
MS channels adapted to the first step were not reactivated by an increase of suction during the second step. If the first step suction was
(160-mm Hg), the second suction step activated mostly the 1070-pS MS channels (MscLs).

0.13+0.0760 = 4),0.55+0.144 = 4),0.72+£0.1564  step of this run. In the second run when 4 steps of 200-
= 6) and 0.95 * 0.311 = 5) following intervals of 20, mm Hg were applied, the adaptation of the MS channels
40, 60 and 120 sec, respectively. was clearly distinguished only during the first and the
In the next set of experiments we investigatedthird step and the open probability was also lower fol-
whether adaptation is dependent on time and on amourbwing each application of suction. The open probabili-
of suction applied. Figure/8shows the experiment in ties NP, in the second run were following: 11.64, 7.36,
which suction steps (four in a run) were applied every 106.76 and 5.04. In the third run 220-mm Hg was applied
sec for 7-8 sec. All three runs shown in FigA @iere  and this suction in this patch was sufficient to activate
applied to the same patch and each run of four suctiothe MscL channels. The adaptation of the 560-pS MS
steps was separated from the next one by a period of 66hannels was clearly seen only in the first suction step of
sec. The suction of the steps was kept constant durinthis run. The total open probabilities of the 560-pS chan-
each run and in this experiment it was 175-mm Hg in thenels in this run were following: 13.33, 12.46, 9.83 and
first run, 200-mm Hg in the second run and 220-mm Hg10.81. Note, that the MscL channels showed an adapta-
in the third run. In the first run adaptation of the 560-pStion too. This protocol was applied to the other two
MS channel was present during each suction step, thpatches and similar adaptive behavior was observed. We
open probabilityNP,, however, was consecutively lower used also double-step protocol (5 patches) in which a
following each application of suction. The open prob-second suction step was applied without releasing the
ability NP, of the MS channel during the fourth suction suction of the first step (Fig. B. In the experiment
step was 0.41, comparing to 3.97 during the first suctiorshown in Fig. B, three sets of suction steps were applied
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Fig. 4. Effect of proteolysis on the MS channel activity. All traces were recorded and data points were obtained at -AplLrimvitéd proteolysis

(0.2 mg/ml pronase in the bath on the cytoplasmic side of the patch) decreased MS channel activity but did not remove adaptation. Applicati
strong suction after proteolytic treatment (bottom trace) opened larger number of MS channels but without apparent adg)ptétiottél open
probability NP, data from experiment in&) before and after pronase treatment are ploteduction. C) Total open probabilitieslP, in control,
during pronase or BSA treatment and after washout were normalized to the ddRfrdThe protoplast patches were exposed to pronase (1 mg/ml)
or BSA (1 mg/ml) treatment for 27 min, the last data point in each set represents norniNffizafler washout. Both treatments resulted in an initial
increase of\NP, which later decreased to the control value in the case of BSA, and in the case of pronase to 15-20% of its value in th®gyontrol.
Normalized (to the control value) maximal number of active MS channels during suction pulse represelntgdioyn the experiments inQ).
Pronase treatment decreased the number of active MS channels, whereas more MS channels were activated in the presence of BSA.

to the same membrane patch. Intervals of 60 sec werfollowing application of stronger suctions during the first
maintained between sets. The suctions of the first stegtep. The 560-pS MS channels did not show apparent
were 110, 136 and 160-mm Hg and after the MS currentadaptation during the second step.

completely adapted, the suctions were increased to ap- It was postulated in models of mechanotransduction
proximately twice as high level as that of the first step.for MS channels fronXenopusoocytes (Hamill & Mc-

The increase of suction to 192-mm Hg in the first setBride, 1992, 1994) and for MS channels from C6 glioma
activated five 560-pS MS channels (FigB3upper cells (Bowman & Lohr, 1996) that the mechanism re-
trace). In the third set (Fig.B bottom trace) only one sponsible for tension transmission can be represented by
560-pS MS channel opened in response to increase afprings in series with dashpots. The dashpots release
suction to 320-mm Hg. Openings of the MscL could betension and would be responsible for channel adaptation.
mostly observed during the second step in the second arBowman and Lohr (1996) proposed that this viscoelastic
in the third set (middle and bottom traces). In theelement is a membrane-associated cytoplasmic domair
double-step protocol, the number of active 560-pS MSof the MS channel. To investigate whether such an ele-
channels during the second suction step (marked witiment is present in th&. coli 560-pS MS channel, we
arrows in the experiment shown in FigBBwas lower exposed the cytoplasmic side of the membrane patch to
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proteolytic digestion. We applied pronase at concentrasulted in an increase of the number of active MS chan-
tions of 0.2 mg/ml and/or 1 mg/ml to 12 membrane nels.

patches containing MS channels and Fig. 4 summarizes The adaptive behavior of the bullfrog sacculus hair
our experience from these experiments; 25 to 45 mircells was C&" dependent (Eatock, Corey & Hudspeth,
after the experimental chamber was perfused with batd987; Assad, Hacohen & Corey, 1989). We perfused our
solution containing 0.2 mg/ml pronase the open prob-experimental chamber with a bath solution containing
ability of the MS channel decreased (Figh 4nd B).  10°m C&* and with an increased concentration of #g
Suctions that resulted in saturation of the MS current insubstituting C&" (3 cases). We did not observe any
untreated membrane patches, opened only one or twehange in MS channel adaptation in these experiments
MS channels after pronase digestion. In the experimenthen the inner leaflet of the membrane patch was ex-
shown in Fig. 4, 210-mm Hg opened 14 MS channels in Posed to low C& (not show). We did not apply low
control and 1 MS channel after pronase treatment. Thesgoncentration of C to the outer leaflet of the mem-
channels still showed adaptation. Higher suctions rePrane patch.

sulted in opening of larger number of channels but adap-

tive behavior could not be observed. Figu® ghows
total open probabilityNP, of the MS channels from the
experiment shown in Fig.Alplotted against applied suc-
tion before and after pronase treatment. Application of

mg/ml pronase abolished MS channels activities entirely. . . )
After exposure of membrane patches (7 cases) for 25—360“. pr_oto_plasts. We think that_ the adaptation represents
min to 1 mg/ml pronase and after washout, MS channef" intrinsic property of th&. coliMS channels and is not
. ’ . “associated with change of geometry of the membrane
activity could not be seen even at very high suctions, : e .
causing sometimes patch breakage. Two membran atch caused by its movement within the glass capillary.
9 P ge. s it has been demonstrated (Sokabe & Sachs, 1990;

E)atch/esl were first eéqiﬁseld ttto 0.2 mg{mlt_ and ;hﬁnht owman & Lohr, 1996), membrane patch moves away
-mg/mi pronase and the latler concentration aboliSNeQ,. a4 the tip of the glass capillary following appli-

the MS channel activity that remained after the treatmenf sion of negative or positive pressure respectively. The

at the former concentration. Whe. coli protoplast time course of the adaptation of tke coli MS channels

membrane patches_ were subjected. to pronase digestiqQ mch slower comparing to time courses of adaptation
(at both concentrations) over the first five minutes angaan in hair cellsXenopusoocytes and glioma cells

increase iNNP, was observed. To investigate this phe- (Hamill & McBride, 1992; Bowman & Lohr, 1996).
nomenon and to perform a control experiment for pro-Therefore, it can be argued that the adaptatio&.ofoli
nase digesting activity we studied an effect of bovinen;s channels observed in our experiments during sus-
serum albumin (BSA) on the 560-pS MS channel (4tained pressure may be associated with a membrane
cases). Figure @ shows normalized total open prob- patch ability for relaxation and its possible movement
abilities (NP,) of the 560-pS MS channels from two toward its original position within the glass pipette. This
different membrane patches, exposed either to pronase @iovement may result in a decrease of tension in the
BSA at concentration 1 mg/ml, plotted against time. Amembrane patch and would cause closures of the MS
value of 1 for normalized\P, represents MS channel channels. Work by Bowman and Lohr (1996) proved,
activity that is as high as that of untreated channels. Sutowever, that membrane patches from C6 glioma cells
tion pulse was constant throughout each experiment. l@lid not return to their original positions 10 sec after
both cases, over the first minutes after application ofapplied suction had been released, although their planar
pronase or BSA, we observed an increase in the M§eometry was restored. Therefore we expect that in our
channelNP,. After 27 min, exposure to BSA and wash- four-pulse experiment, when pulses were applied in 10-
out, theNP, of the MS channels returned to its control sec intervals, the membrane patch was pulled by the first
value. In the case of pronase, an initial increase of acsuction step to a different position and remained in this
tivity was followed by a decrease of the MS channelposition arrested as an almost static patch. As we have
activity to a level lower than in the control, apparently asdemonstrated, the MS channels under these conditions
a result of pronase digestion of cytoplasmic domains ofetained their mechanosensitivity and ability for adapta-
the MS channels. In Fig.Blwe plotted normalized peak tion.

MS currentl ., (which corresponds to the maximal There is a significant difference between experi-
number of open channels) against time for the two exments performed on membrane patches fi®ntoli or
periments from Fig. €. A value of 1 represents control yeast spheroplast¥enopusoocytes or glioma cells and

I max N €ach experiment. We observed a reduced numbesur experimentsE. coli protoplasts should contain only

of active channels after exposure of the membrane patcthe cytoplasmic (inner) membrane and not the outer
to pronase, whereas a similar concentration of BSA remembrane. The outer, and not the inner membrane, is

Discussion

1The results in this study present some characteristics of
the adaptive behavior of the 560-pS MS channels fiEom



260 P. Koprowski and A. Kubalski: Adaptation of MS Channel€incoli

firmly attached to the sacculus (cell wall) by the cova- channel opened during the second step did not show
lently linked lipoproteins and by the outer membraneapparent adaptive behavior due to a large adaptation time
porins: theompC andomg gene products (Park, 1996). constantr. A similar protocol was used for the MS chan-
Therefore, the membrane restraining element, cell wallpels fromXenopusoocytes (Hamill & McBride, 1992).
should not be present in our preparation. This fact and/om this study, the suction of the second pulse was twice as
properties of the channel molecule itself may be responhigh as the suction of the first one and the response of the
sible for the observed MS channel-adapting behavioradapted MS channels to the second pulse was similar in
There are two features, which distinguigh coli MS  amplitude and adaptation course to the response to the
channel-adapting behavior from adaptation of other MSfirst pulse. The authors concluded that, since the adaptec
channels. This behavior was not fragile and, consistentiiMS channels could be reactivated instantaneously after
in all experiments, repeated application of strong (satuadaptation and showed a similar response to the seconc
rating MS current) suctions remained without any effectsuction step, the channels were not inactivated but their
on the adaptation and its time course. Another distin-gating sensitivity had changed as a result of application
guishing feature of th&. coli MS channel adaptation is of the first suction step. Although in the range of very
its weak voltage dependence. The time course of adagew suctions we also can see activation of the MS chan-
tation was only slightly different at positive and negative nels during the second step the adagEedoli MS chan-
voltages and this was observed in all membrane patche®els required time and release of the applied suction for
tested. These two features may reflect a physiologicatheir recovery.
importance of the adaptive behavior of the MS channel  In the next set of experiments we applied pronase to
which is not reduced or lost after application of very high the cytoplasmic side of the membrane patches. Exposure
suctions and voltage of any polarity. of membrane patches to pronase or BSA resulted in an
In our four-pulse experiment (Fig. 3) we were losing initial increase of open probabilithP, of the MS chan-
a portion of active channels each time a suction pulseels along with an increase of the number of active chan-
was applied. In general, the adapted MS channels didels (increase of peak currdpt,,) (Fig. 4C andD). We
not open when the next suction step was applied becausi not know how to interpret this phenomenon and fur-
the time necessary for recovery from adaptation was todher studies are required to clarify it. After 10-15 min
short Geesteps 4-3 at 175-mm Hg; 2-1, 4-3 at 200-mmthe MS channels exposed to pronase showed a decline ir
Hg; all four steps at 220-mm Hg). However, when four both NP, and |, presumably as a result of pronase
175-mm-Hg pulses were applied, adapted MS channeldigestive activity. These experiments proved thatEhe
could reopen during the following suction stey@ésteps  coli 560-pS MS channel shows adaptation as long as it
1, 2, 3) after recovery from adaptation. In this case, wesenses tension in the membrane. Application of 0.2-mg/
can assume, at lower suctions (in this experiment suciml pronase reducedlP, of the MS channels without
phenomenon was observed at suctions I& show)  removing adaptation (Fig.A). After pronase treatment
and 175-mm Hg) there is a population of MS channelsthe adaptation was still present if one or two MS chan-
that recover more easily from an adapted state. At highenels opened anP, was < 0.02; at higher suctions and
suctions (220-mm Hg in the experiment shown in Fig.higher open probabilities, the time constanivas high
3A) adaptation was present in the first two steps but at and the adaptation was not observed. Application of 1
much slower time course because, as we have shown img/ml of pronase removed responsiveness of the chan-
Fig. 1C, adaptation time constant was dependent on nels to suction, and we assume, the tension transmissior
suction. The MS channels that adapted in the two firstmechanism responsible for opening of the MS channels
steps of this run did not reopen in the third and in thewas disrupted. A lower number of open channels after
fourth step. The double-step protocol (FigB)3ex- limited proteolysis (Fig. B) also suggest that the MS
panded our findings from the four-pulse experiment inchannels with removed fragments did not sense mem-
that the recovery from an adapted state required the agrane tension and did not open, even if higher suctions
plied suction to be released. Most of the MS channelsvere applied. These results may suggest that a commor
adapted to 160-mm Hg did not reopen when sustainedomain of the MS channel molecule may be responsible
suction pulse was increased to 320-mm Hg (Fi§, 3 for both tension sensing and adaptation. Our results do
bottom trace). Lower suctions of the first step (110 andnot discriminate, however, between the possibility that
136-mm Hg, upper and middle traces of Fi§)3esulted the tension sensing and adaptation mechanisms involve
in lower number of active channels during this step andseparate domains and both, or the tension-sensing do
therefore in a lower number of adapted channels in thenain only, are sensitive to pronase digestion. This do-
patch. Although we cannot discriminate between chanmain (or domains) is located on the cytoplasmic side of
nels which were active during the first step and those thathe inner membrane. It has been recently demonstratec
were active during the second step, we think that chanthat mutants with N-terminal deletions or changes to the
nels which were open during the second step were thosl-terminal amino acid sequence in tle coli MscL
that were not active during the first step. The 560-pS MSexhibited altered pressure sensitivity and gating and,
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thus, the N-terminus may represent a “mechanosensitivBerrier, C., Besnard, M., Ajouz, B., Coulombe, A., Ghazi, A. 1996.
structural element” of this MS channel (s& et al. Multiple mechanosensitive ion channels fréscherichia coliac-
1997) The 560-pS MS channel may have similar ten- tivated at different thresholds of applied pressute Membrane

. . . : Biol. 151:175-187
sion sensing mechanism as MscL since both MS chané or G Coulombe. A Houssin. C. Ghazi. A. 1989, A patch.cl
nels show very similar sensitivity to suction. errier, &., Loulombe, A., Fioussin, L., hazl, A. 1969. A paich-clamp
| | . l ibl h study of ion channels of inner and outer membranes and of contact
Our results may also implicate a possible mecha- zones ofE. coli, fused into giant liposomes. Pressure-activated

nism of introducing mechanosensitivity into the gating of  channels are located in the inner membraf&8s Lett259:27-32
the MS channel molecule. There are two general modelgoyman, c.L., Lohr, 3.W. 1996. Mechanotransducing ion channels in
of tension transmission to the MS channel (for recent cé glioma cellsGlia 18:161-176
review, seeHamill & McBride, 1997): one relies on the cui, c., Smith, D.O., Adler, J. 1995. Characterization of mechanosen-
extracellular matrix and/or cytoskeleton (tethered sitive channels inEscherichia colicytoplasmic membrane by
model), and in the other, the tension is transmitted via whole-cell patch-clamp recording. Membrane Biol144:31-42
lipid bilayer (bilayer model). Since the protoplast mem- Delcour, A.H., Martinac, B., Adler, J., Kung, C. 1989. Modified re-
brane should be devoid of the cell wall, the MS channel constitution method used in patch-clamp studieEsgherichia coli
could be activated by the bilayer mechanism. The ex- ion channelsBiophys. J56:631-636
segments of the MS channel led to loss of mechanosen- nosensn!ve transduction in hair cells of the bullfrog’s sacculus.
N . . Neurosci.7:2821-2836
sitivity suggest, however, that the mechanism which _
might be a combination of the two models may be re-Gustin M.C., Zhou, X-L., Martinac, B., Kung, C. 1988. A mechano-
. . .. . sensitive ion channel in the yeast plasma membr&@wence
sponsible for tension transmission to tke coli MS 242769765
channel. In.th|s model tensmq is derived within the lipid Hamill, O.P., Marty, A., Neher, E., Sakman, B., Sigworth, F.J. 1981.
bllayer, but it would be eXdUS'Vely sensed by MS chan- Improved patch-clamp techniques for high-resolution current re-
nel cytoplasmic regulatory domain anchored in the lipid  cording from cells and cell-ree membrane patciRésiegers Arch.
bilayer. 391:85-100
In summary, the adaptive behavior of thecoliMS  Hamill, 0.P., McBride, Jr., D.W. 1992. Rapid adaptation of the mecha-
channel was voltage independent and was not irrevers- nosensitive channel denopusoocytesProc. Natl. Acad. Sci. USA
ibly lost after strong, saturating MS current suctions. 89:7462-7466
The adaptation could not be removed by pronase digegamill, O.P., McBride, Jr., DW 1994. Molecular mechanisms of
tion, since, as long as the MS channel responded to suc- Mechanoreceptor adaptatidiews Physiol. Scb:53-59
tion, it also showed adaptation. Tl coli 560-pS MS Hamill, O.P., McBride, Jr., D.W. 1997. Induced membrane hypo/
channel needed more time to adapt than reported for hypermechanose_nsitivity: a limitation of patch-clamp recording.
other MS channels (adaptation time constarfound in ~~_ "u- Rev. Physiob9:621-631 o
this study, was in the range of seconds compared t(l)-lase, C.C., Le Dain, A.C., l_v_lartlnac, B. 1997. Moleculardls§ectlon of
.. . . " the large mechanosensitive ion channel (MscL) ofEheoli: mu-
_mllllseconds)' _It also needed tlm_e_ t_o restore Its sensitiv- tants with altered channel gating and pressure sensitiVitylem-
ity to the suction. Loss of sensitivity to stretch of the  prane Biol.15717—25
560-pS MS channel after _adaptatlon may .have deleterigy,gspeth, A.J., Gillespie, P.G. 1994. Pulling springs to tune transduc-
ous consequences . coli. However, as it has been tion: adaptation by hair celldleuron12:1-9
demonstrated in the double-pulse protocol (Fil),&f-  kubalski, A. 1995. Generation of giant protoplastsEstherichia coli
ter the 560-pS MS channels had adapted, Ehecoli and an inner-membrane anion selective conductdioehem. Bio-
membrane still had the capacity to respond to stretch by phys. Actal238177-182
opening of the MscLs. The presence of MscL in the  Kubalski, A., Martinac, B., Adler, J., Kung, C. 1992. Patch-clamp
coliinner membrane might be of vital importance for this  studies orE. coliinner membrane in vivoBiophys. J61:A513
bacterium. Kubalski, A., Martinac, B., Ling, K-Y., Adler, J., Kung, C. 1993.
Activities of a mechanosensitive ion channel in &Bncoli mutant
lacking the major lipoprotein). Membrane Biol131:151-160
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